To test directly whether the control of fetal hemoglobin (HbF) in the adult takes place at the level of erythroid progenitors or at the level of erythroblasts, we treated animals with high doses oferythropoietin and examined the effects of this manipulation on the globin gene programs of erythroid progenitors. We found that administration of erythropoietin produced a rapid expansion of all classes of erythroid progenitors. Almost all the expansion of colonyforming units-erythroid and 46-56% of erythroid clusters was due to the increase of HbF-programmed erythroid progenitors. The expansion of HbF-programmed erythroid progenitors was followed, 2-3 days later, by a wave of reticulocytes containing HbF in the peripheral blood. These results provide direct in vivo evidence that fetal-globin expression in the adult is controlled at the level of erythroid progenitors.
Fetal hemoglobin (HbF) is rapidly replaced by adult hemoglobin (HbA) after birth, but small amounts of HbF continue to be synthesized in every adult. Furthermore, production of HbF is elevated in various disorders of hematopoiesis and in the a-chain hemoglobinopathies, homozygous f3-thalassemia and sickle-cell disease. The reasons for the continuation of HbF production in the adult and the mechanism of its control remain a matter of speculation. We have previously proposed a model relating HbF expression to the process of differentiation of erythroid progenitors (1, 2) . According to this hypothesis, in the adult-stage erythropoiesis, immature erythroid progenitors have the potential to form erythroblasts that express HbF, but this potential is lost during normal downstream differentiation; HbF is, however, expressed in erythroblasts produced by premature terminal differentiation of erythroid progenitors. Alternative models assume that HbF is controlled at the level of erythroblasts (3) . It has been shown that there is an asynchrony in -y-, and /8-globin synthesis during erythroblast maturation so that there is higher y-globin expression compared to ,B-globin expression in immature erythroblasts (4) (5) (6) (7) (8) . Activation of HbF might occur when there are distortions of erythroblast maturation.
The purpose of the studies we report here was to directly test whether the expression of HbF in the adult is controlled at the level of erythroid progenitors or not. Previous studies have shown that administration of pulses of high doses of recombinant human erythropoietin (Epo) to baboons result in a striking stimulation of HbF production (9) . The induction of HbF by Epo was attributed to increased recruitment of immature erythroid progenitors triggered by the Epo-induced rapid erythroid regeneration (9) . In the present experiments, we administered high doses of recombinant human Epo to primates and examined the effect of this manipulation on the pools of erythroid progenitors and their globin programs. We found that high levels of Epo produced a striking expansion of erythroid progenitor cell pools, which were almost totally accounted for by a striking increase in the numbers of Hb-F-programmed erythroid progenitors. These results provide direct evidence that HbF expression in the adult is controlled at the level of erythroid progenitors.
MATERIALS AND METHODS
One baboon (Papio cynocephalus) and two macaques (Macaca fascicularis) were used in this study. Recombinant human Epo (Genetics Institute, Cambridge, MA) was diluted in 5% (wt/vol) glucose with 0.05% human serum albumin and administered intravenously at 12-hr intervals as shown in the Results.
Bone marrow mononuclear cells were obtained after density centrifugation with Ficoll/Hypaque (LymphoprepNyegaard, Oslo) and cultured by using the plasma clot and methylcellulose methods as described (10, 11) . Briefly, 1 ml of plasma clot culture medium contained 30% (vol/vol) fetal calf serum (Armour Pharmaceutical), 1% (wt/vol) bovine serum albumin (Armour Pharmaceutical), 10% (vol/vol) human AB serum, 0.1 mM 2-mercaptoethanol, 10% beef embryo extract (GIBCO), 10% Mo cell-conditioned medium (a kind gift from David Golde, UCLA), Epo (Genetics Institute) at 0.2 unit/ml, and 10%o bovine citrated plasma (Irvine Scientific) in Iscove's medium (GIBCO). After 3 days of incubation at 37°C with 5% CO2 at high humidity, clots were fixed and stained with benzidine. Colonies with eight or more cells were counted as colony-forming units-erythroid (CFU-e)-derived colonies, and colonies with three to seven cells were counted as erythroid cluster (e-cluster)-derived colonies. One milliliter of methylcellulose culture medium contained 0.9% methylcellulose (Fisher), 30% fetal calf serum, 1% bovine serum albumin, 10%o AB plasma, 10% 0.1 mM 2-mercaptoethanol, 10% Mo cell-conditioned medium, and 2.0 units of recombinant human Epo per ml in Iscove's medium. After 10-11 days of culture at 37°C with 5% CO2 at high humidity, hemoglobinized colonies were counted as burst-forming units-erythroid (BFU-e)-derived colonies under the dissecting microscope.
HbF-containing reticulocytes (HbF-reticulocytes) were counted after immunochemical staining of the reticulocyte preparations as previously described (12) . To determine the HbF potential of erythroid progenitors, colonies were double labeled with anti-y and anti-a monoclonal antibodies and evaluated as described before (10, 11) .
RESULTS
High Doses of Epo Induce Acute Expansion of Late Erythroid Progenitors. Primates were administered 3000 units of Epo (per kg) twice a day (12 hr apart) , and the effects on the size of erythroid progenitor cell pools were monitored by measuring erythroid colonies in cultures of bone marrow Abbreviations: Epo, erythropoietin; CFU-e, colony-forming unitserythroid; BFU-e, burst-forming units-erythroid; e-cluster, erythroid cluster; GM-CFU, granulocyte-macrophage colony-forming units; HbF-reticulocytes, HbF-containing reticulocytes.
9278
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
aspirates obtained before and at various intervals after administration of Epo.
The administration of high doses of Epo induced drastic increases of late erythroid progenitors of the baboon (Fig. 1) . The pool of CFU-e had expanded by 4.1-fold 48 hr after the first injection of Epo while the pool of erythroid clusters had increased by 3.5-fold within 24 hr (Fig. 1 ). e-clusters continued to increase and reached a peak within 72 hr after the first injection of Epo; at that time, the number of e-clusters was 7.5 times higher than their pre-Epo level. The expansion of late erythroid progenitors was transient so that e-clusters and CFU-e returned to nearly normal values by 7 days posttreatment.
Similar results were obtained when the high dose of Epo was administered to a macaque. CFU-e reached a peak (3.2-fold increase) 48 hr after the first injection of Epo. e-clusters had already increased by 4.4-fold 24 hr after the onset of administration of Epo and then reached a peak (9.6-fold increase) by day 3.
The temporal relationship between changes in progenitor cell pools and the appearance of reticulocytes in the peripheral blood is illustrated in Figs. 1 and 2. The first increase in reticulocytes appeared 48 hr after the first increase in e-clusters. Peak values of reticulocytes were reached 3 days after the peak values of e-clusters. These results suggest that the bulk of the post-Epo reticulocyte response was derived from the expansion of erythroid progenitors. This interpretation is supported by previous studies demonstrating fast erythroblastic maturation during stress erythropoiesis (13) .
Increase in HbF-Programmed Progenitors Accounts for Almost All the Expansion of CFU-e. The globin program of CFU-e was assessed by examining globin chain production in individual erythroid colonies by using fluorescent anti-globin chain antibodies. Normally, a high proportion of primate CFU-e colonies express HbF (10) . We tested whether frequencies of HbF-expressing CFU-e increased during the stage of rapid expansion of the CFU-e pool.
As shown in Fig. 3a , 85% of the CFU-e colonies of the baboon were HbF positive before administration of Epo. Forty-eight hours after the first injection of Epo, the frequency of HbF-positive CFU-e had increased to 97%. The net effect of rapid expansion of the CFU-e pool was a sharp increase in the absolute numbers of HbF-programmed CFUe; in contrast, the absolute numbers of HbF-negative CFU-e colonies remained essentially unchanged (Fig. 3 b and c) . These results show that essentially all the increase in the size of the CFU-e pool during acute erythroid expansion can be accounted for by the increase in the number of HbFprogrammed CFU-e.
Similar results were obtained in the study of the macaque. In this animal, 74% of CFU-e colonies were HbF positive before administration of Epo while HbF-positive CFU-e composed 97% of total CFU-e 24 hr after administration of Epo (Fig. 4a) . As shown in Fig. 4b , the net effect of Epo was a drastic increase in the absolute number of HbF-positive CFU-e. As in the case of the baboon, essentially all the postEpo expansion of the CFU-e pool could be accounted for by the increase in the size of the pool of the HbF-positive CFU-e.
Increase in HbF-Programmed e-Clusters Precedes HbFReticulocytosis. e-Clusters, the most mature erythroid pro- genitors of baboons and macaques, display lower HbF positivity compared to CFU-e colonies. In our experiments, 12% of the baboon e-clusters were HbF positive before administration of Epo. The frequency of HbF-positive eclusters increased to 56% 48 hr after administration of Epo (Fig. 5a ). As shown in Fig. Sb , the administration of high doses of Epo led to an increase of the absolute numbers of both HbF-positive and HbF-negative e-clusters. However, during this stage of rapid expansion, HbF-positive e-clusters increased by 33-fold while HbF-negative e-clusters increased only by 5-fold (Fig. Sc) . The wave of the expanded population of HbF-positive e-clusters was followed, 3 days later, by a wave of HbF-reticulocytes (Fig. Sd) .
Similar results were obtained in studies of a macaque. In this animal, the frequency of HbF-positive e-clusters was 32% before Epo was given and 69%o 72 hr after the first injection of Epo (Fig. 6a) . Epo increased the absolute numbers of both the HbF-positive and HbF-negative eclusters. However, although the HbF-positive e-clusters had increased in their peak (day 2) by 21-fold, the increase of HbF-negative e-clusters in their peak (day 3) was only 6-fold (Fig. 6c) . The sharp wave of the HbF-positive e-clusters was followed by a wave of HbF-reticulocytes 3 days later (Fig.  6d ).
These results demonstrate that a striking increase in the size of HbF-programmed e-clusters precedes, by about 72 hr, the appearance of HbF-reticulocytes in the peripheral blood.
Expansion of Immature Erythroid Progenitors. Our data provide evidence that the in vivo administration of high doses of Epo influences the size of earlier progenitor cell pools. As shown in Figs. 1 and 2 , 48 hr after a single day treatment with Epo, there was an increase in the size of the pool of BFU-e. This can be attributed either to a subpopulation of preexisting Epo-responsive BFU-e (mature BFU-e) (14, 15) or to a compensatory increase in the size of the pool under the influence of acute regeneration; the latter contention is supported by studies in the murine model (16) .
To further study the effect ofrapid regeneration on the pool of early progenitors, high doses of Epo (3000 units/kg twice a day) were administered to three animals (one baboon and two macaques) for 3 consecutive days. The treatment resulted in expansion of late erythroid progenitors (Fig. 7a) and preferential expansion of HbF-positive CFU-e and HbFpositive e-clusters (Fig. 7c) . A delayed increase in BFU-e was, however, observed following the 3-day treatment with Epo ( Fig. 7b) . This increase of BFU-e was not accompanied by a delayed increase in CFU-e and e-clusters (Fig. 7a) , but it was associated with an increase in granulocyte-macrophage colony-forming units (GM-CFU) (Fig. 7b and Table 1 ). Since this increase of BFU-e occurred when circulating levels of Epo had declined, it is unlikely that it was a direct effect of the action of Epo on BFU-e. This notion is supported by the simultaneous increase in the numbers of GM-CFU ( Fig.  7b and Table 1 ).
These results provide indirect evidence that acute expansion of late erythroid progenitor cell pools stimulate an Epo-independent expansion of immature progenitors. Indirectly, our data suggest that the whole pathway of erythropoiesis (the Epo-responsive and the Epo-insensitive cells) are mobilized when kinetics of rapid erythroid regeneration prevail. colonies, make deductions about programs of progenitors that form the colonies. Such studies have shown that HbF is regularly activated in adult erythroid colonies, its expression is inversely related to the degree of maturity of progenitors that form the colonies, and it can be modulated by the culture environment (reviewed in ref. 17 ). Such results have led to the concept that the control of HbF in the adult is exerted at the level of primitive erythroid progenitors (1, 2, 17) . The in vivo experimental approaches utilize physiological manipulations of primates or treatments of animals or patients with cell cycle-specific drugs. Such physiologic or pharmacologic manipulations have shown that rapid erythroid regeneration stimulates production of HbF in primates or in humans (17) . The studies we report here provide insights to the question of the level of erythroid cell differentiation in which HbF expression is controlled and to the mechanism of activation of HbF during regeneration.
DISCUSSION
To obtain a definitive answer to the question of the cellular level of control of HbF in the adult, we administered high doses of recombinant Epo, a manipulation that has been previously shown to stimulate HbF in adult primates, and examined how this manipulation affects progenitor cell programs. We found that administration of Epo produced the expected expansion of progenitor cell pools and, simultaneously, a drastic increase in HbF-programmed erythroid progenitors. Almost all the Epo-induced expansion of CFU-e could be accounted for by the increase in the number of HbF-programmed CFU-e. The mechanism whereby rapid regeneration stimulates HbF production remains speculative. One hypothesis is that the sudden and rapid cycling of early progenitors provides a trigger for the activation of the HbF program in these cells (18) . This concept was also used to explain the induction of HbC, by Epo, in goats and sheep (19) . Another model proposes that the activation of HbF by rapid regeneration reflects the premature terminal commitment of early progen- (3, 20) ]. Our results provide relevant information since they reveal a clear-cut relationship between expansion of progenitor cell pools and induction of HbF reticulocytosis.
The administration of large doses of Epo produced an expansion of late erythroid progenitors, which was apparent 24 hr after treatment and reached a peak 48-72 hr after treatment. Results from previous studies suggest that the post-Epo expansion ofthe late erythroid progenitor cell pools reflects influx from BFU-e (14, 15, 21, 22) rather than proliferative expansion of late erythroid progenitors (23) . This conclusion is supported by our own experiments using liquid cultures of bone marrow fractions enriched in BFU-e or CFU-e (T.U., unpublished observations). Since the wave of CFU-e clusters is the apparent precursor ofthe wave ofthe reticulocytes in the peripheral blood, it can be concluded that the bulk of reticulocytes of acute regeneration derives from cells that, at the time of the stimulus of regeneration was applied, were BFU-e. Thus, the time and rate of appearance of HbF-reticulocytes in the periphery is as expected if these cells had derived from mobilized BFU-e.
Our results cannot distinguish between the two models proposed for explaining the activation of HbF in the rapidly regenerating erythroid progenitors (18) . From the size of BFU-e pool at the time of administration of Epo and the size of the pools of CFU-e and e-clusters at their peaks at day 2 and 3, we calculate that the mobilized BFU-e have undergone five to six divisions with an average regeneration time of 12-14 hr in order to provide the cells of the expanded pools of CFU-e and e-clusters. This rapid downstream mobilization of the BFU-e may stimulate HbF expression either because the rapidly maturing BFU-e fail to turn off a primitive globin program (2, 18) or because the rapid cycling of these normally resting cells de novo activates the fetal-globin expression program (18) .
